1.-Introduction
MTW is a one-dimensional large pore zeolite with pore openings of 5.6 x 6.0 Å in its structure.
[1] The first synthesis description of the MTW structure was the high-silica ZSM-12 zeolite, which was synthesized by researchers of Mobil Oil Co with Si/Al ratios above 40. [2] In addition to ZSM-12, other zeolites presenting the MTW structure have been reported in the literature, such as TPZ-12, [3] Nu-13, [4] Theta-3, [5] CZH-5, [6] and VS-12, [7] where the main differences between them are the chemical composition (introduction of different heteroatoms, such as V, Fe, Ti, among others) and/or the organic structure directing agents (OSDAs) used for their synthesis. Nevertheless, the most important form of the MTW structure is as aluminosilicate (Al-MTW), since the incorporation of aluminum atoms in the MTW framework creates strong Brönsted acid sites, allowing the application of Al-MTW as catalyst for several chemical processes, such as isomerization, [8] alkylation and disproportionation of aromatic hydrocarbons, [9] or cracking of hydrocarbons. [10] Since the discovery of the high-silica ZSM-12 zeolite, the synthesis of the Al-rich MTW material became a clear objective to improve its acid properties. [11] Okubo et al. have
recently described the synthesis of the Al-rich MTW zeolite under OSDA-free conditions using sodium aluminosilicate gels following a seed-assisted methodology. [12] This seeding methodology has allowed the synthesis of Al-MTW zeolite with Si/Al ratios in the final product of almost 12 when the Si/Al ratio in the synthesis gel was fixed at 30. [12] This large difference between the theoretical and the final Si/Al ratios indicates that the zeolite yields achieved in the synthesis was very low. Nevertheless, the main problem of the Al-rich MTW zeolites synthesized following the OSDA-free methodology is their very low pore accessibility, since a micropore volume of 0.006-0.035 cm 3 /g compared to regular MTW acid materials with micropore volume of 0.12 cm 3 /g was measured.
[12] The possible reason for the low micropore volume of the MTW materials presented with the OSDA-free method could be the partial blocking of the one-dimensional channels by the presence of structural defects. Indeed, the defects would be formed by the excessive positive charges introduced by the alkalications when used as the single structure directing agents. [13] In that case, the alkaline content is larger than the framework Al and the excess of positive charge is 3 compensate by Si-O -framework groups, that become internal sylanols when the alkaline is removed.
On the other hand, during the synthesis of MTW assisted by organic structure directing agents, samples with higher framework Si/Al ratios are achieved, and the filling of the pores requires a relatively small number of organic cations within the pores of the MTW zeolite. Then, their positive charge can be compensated by the negative charge associated to the presence of framework Al, reducing therefore the formation of structural defects (internal sylanols).
Tetraethylammonium (TEA), methyltriethylammonium (MTEA), and benzyltrimethylammonium (BTMA), [14] have been described as the most common
OSDAs for the synthesis of the Al-MTW. Nevertheless, the lowest Si/Al ratios reported for the synthesis of pure Al-MTW phases using the above described monocationic
OSDAs in combination with small inorganic cations, are still limited to 25-30.
[14]
Very recently, Zones et al. have systematically studied the synthesis of zeolites with
OSDAs formed by diquaternary ammonium compounds of C 4 -C 6 chain lengths with different heterocyclic end-groups. [15] They observed that when the heterocyclic endgroup was N-methylpiperidine (see OSDA-C4 in Figure 1 ), the synthesis of aluminosilicates in alkaline media was very selective towards MTW, but the Si/Al ratios were larger than 40. [15] The high selectivity of this linear OSDA towards MTW under alkaline synthesis conditions together with its dicationic nature, provide a unique opportunity to modulate the presence of positive charges within the MTW pores either in combination or in absence of small inorganic cations and, therefore, to control the amount of aluminum atoms in the framework positions of MTW.
We will show here that the use of related linear dicationic OSDAs with different sizes (see Figure 1) (Calculated, %). Formula (C 16 H 34 N 2 Br 2 ).
2.1.2.-Zeolite synthesis
In a typical synthesis, alumina (74.6%, Condea) was dissolved in an aqueous solution formed by the hydroxide salts of the OSDA and the alkali cation (Na + or K + ). Colloidal silica (Ludox AS-40, Aldrich) was then added, and the gel was allowed to reach the desired silica to water ratio by evaporation. Finally, the gel was transferred to a Teflon lined stainless autoclaves and heated at 175ºC for 14 days. The solids were recovered by filtration, extensively washed with distilled water, and dried at 90ºC overnight.
2.2.-Characterization
Powder X-ray diffraction (PXRD) measurements were performed with a multisample Philips X'Pert diffractometer equipped with a graphite monochromator, operating at 45 kV and 40 mA, and using Cu K α radiation (λ = 0,1542 nm). The morphology of the samples was studied by scanning electron microscopy (SEM) using a JEOL JSM-6300 microscope.
Textural properties were obtained from the N 2 adsorption isotherms measured at 77 K with a Micromeritics ASAP 2020 apparatus.
Solid NMR spectra were recorded at room temperature with a Bruker AV 400 MAS spectrometer. 27 Al MAS NMR spectra were recorded at 104. The spectra were scaled according to the sample weight.
2.3.-Catalytic test
n-Decane cracking experiments were performed at 500ºC, 60 s time on stream, and different zeolite to n-decane ratio in a microactivity test unit as described previously. [16] Zeolites were pelletized, crushed, and sieved, and the 0.59-to 0.84-mm fraction was taken and diluted in 2.5 g of inert silica. For each catalyst, five experiments were performed, maintaining the amount of catalyst (cat) constant and equal to 0.5 g, and varying the n-decane amount fed (oil) between 0.77 and 1.54 g.
Apparent kinetic rate constants were calculated by fitting the conversions (X) to a firstorder kinetic equation for a plug flow reactor (1), assuming that the deactivation is enclosed in the kinetic constant and taking into account the volumetric expansion factor (2).
3.-Results
3.1.-Syntheses of Al-rich MTW zeolites
Based on the previous results, [15] three related linear dicationic OSDAs with different sizes were synthesized and used as OSDAs for the synthesis of the Al-rich MTW zeolite (see Figure 1) . The experimental design containing the synthesis conditions is summarized in Figure 2 ).
NON is a cage-like chlatrasil type structure with pore openings lower than 3 Å. [17] This dense phase is preferentially obtained when using the smaller dicationic OSDAs (OSDA-C2 and OSDA-C3, see Figure 1 ), always in presence of alkali metal cations (both Na + and K + ) in the synthesis gels (see Figure 2) . Similar structure directing effects towards chlatrasil frameworks have been described in the literature when using small OSDAs combined with alkali metal cations in zeolite synthesis under alkaline conditions. [18] MTW is the only competing crystalline phase when using small OSDAs (OSDA-C2 and OSDA-3) and aluminum in the synthesis gels (see Figure 2) . These results would suggest that bulkier OSDAs could help in directing the crystallization towards more open crystalline phases than the dense NON phase.
As expected, the use of the bulkier OSDA-C4 molecule directs the crystallization of the open crystalline MTW structure, precluding the formation of the undesired dense NON phase (see Figure 2) . MTW is preferentially achieved as pure crystalline phase when alkali metal cations, either sodium or potassium, are present in the synthesis gels under high silica or even pure silica conditions (see Figure 2) . Nevertheless, by properly combining potassium cations and the OSDA-C4, it was possible to synthesize highly crystalline MTW zeolite with a Si/Al ratio in the synthesis gel of 15 (see MTW-1 in Figure 2 ). In this case, MTW with the same Si/Al ratio than the staring gel could be obtained, as it will be shown later. Notice that the only synthesis we have found in the literature giving similar low Si/Al ratio is the OSDA-free procedure described by Okubo et al. and, as was said above, the resultant MTW crystalline material had low pore accessibility, due to the presence of a large number of structural defects.
[12] We were also able to prepare a MTW as pure crystalline phase in absence of alkali-cations with OSDA-C4 and with a Si/Al ratio of 30 (see MTW-2 in Figure 2 ). It has to be remarked that the synthesis of Al-MTW under alkali metal cations-free synthesis conditions is very unusual. Indeed, zeolites synthesized with alkali metal cations require postsynthetic ion-exchange treatments before their use as acid catalyst. Very recently, researchers at BASF have reported the alkali-free synthesis of the Al-MTW zeolite using 4-cyclohexyl-1,1-dimethylpiperazinium as OSDA, and a Si/Al ratio of almost 50 was required for crystallizing this material. [19] Thus, MTW-2 could be synthesized in our work under alkali-free conditions with lower Si/Al ratios than those reported by researchers at BASF.
3.2.-Physico-chemical characterization of the Al-rich MTW zeolite samples
PXRD patterns of the as-prepared MTW-1 and MTW-2 materials reveal the presence of the pure MTW crystalline phase (see Figure 3) , and scanning electron microscopy (SEM) images show similar average crystal size (~ 1-2 µm) for both MTW materials (see Figure 4 ).
Chemical analyses of the crystalline MTW materials indicate that the Si/Al ratios in the final solids are similar to the Si/Al ratios introduced in the synthesis gels (see Table 2 ).
Interestingly, MTW-1 material presents a Si/Al ratio in the solid of 12.5, revealing that a relatively Al-rich MTW material can be obtained by properly combining potassium cations and OSDA-C4 as structure directing agents.
The coordination of aluminium atoms in the MTW materials has been studied by solid 27 Al MAS NMR spectroscopy. MTW-1 and MTW-2 show a single band at ~ 55 ppm that has been assigned to tetrahedrally coordinated Al in framework positions (see Figure   5 ). If this is so, then it can be said that the synthesis methodology presented here allows the efficient introduction of aluminum atoms in framework positions of the MTW materials.
N 2 adsorption measurements have been performed to evaluate the pore accessibility of the two MTW samples after calcination in air at 550ºC. As described above, pore blocking could be a critical issue for one-dimensional zeolites. [12] In the case of the calcined MTW-1 zeolite, since this material has been synthesized using potassium cations (see potassium content of MTW-1 in Table 2 ), a previous cationic exchange with ammonia followed by calcination at 500ºC is required to remove the extraframework inorganic cations and properly evaluate the pore accessibility. Practically all potassium cations were removed by NH 4+ exchange (see potassium content in MTW-1-Exc sample in Table 2 ), and the N 2 isotherm of the MTW-1-Exc material indicates high microporosity (see Figure 6 ), with micropore surface area and micropore volume of 261 m 2 /g and 0.12 cm 3 /g, respectively (see Table 2 ). It is important to note that this micropore volume is similar to the values reported for highly crystalline high Si/Al MTW materials in the literature. [11] The N 2 adsorption isotherm of the MTW-2 can be directly obtained after calcination of the synthesized sample since this sample was obtained in the absence of alkali ions and a post-synthesis cation exchange is not required to produce the acid sample. As seen in Figure 6 and Table 2 , MTW-2 also shows high microporosity, with a micropore area of 274 m 2 /g and a micropore volume of 0.13 cm 3 /g.
The acid properties of the Al-rich MTW-1 material have been characterized by IR spectroscopy of adsorbed pyridine. The results in Figure 7 show that the characteristic IR band of pyridinium ion at 1545 cm -1 , which is associated to the presence of Brönsted acid sites, is very small for the K + -containing MTW-1 material. This is due to the fact that K + is compensating the negative charges associated to tetrahedrally coordinated aluminum atoms, and also because the relatively large size of these extra-framework potassium cations hinder the diffusion of pyridine molecules through the onedimensional pores of MTW. After cationic exchanged of MTW-1 with ammonia followed by calcination at 500ºC, the 1545 cm -1 IR band of pyridinium ions is clearly observed after pyridine adsorption (see MTW-1-Exc in Figure 7 ). The intensity of this band remains important after increasing the pyridine desorption temperature, even at 350ºC (see MTW-1-Exc in Figure 7 and Table 2 ), revealing a strong Brönsted acid behavior of the MTW-1-Exc zeolite, that should be useful for carbocation type reactions.
When the Brönsted acidity of the sample MTW-2 was measured, pyridine adsorption results show a lower intensity of the 1545 cm -1 band for MTW-2 than for MTW-1-Exc.
The amount of Brönsted acid sites per gram of zeolite were determined from the area of that IR band using the extinction coefficient reported by Emeis, [20] and the values are given in Table 2 .
3.3.-Catalytic results
The catalytic activity of the Al-rich MTW samples has been studied here for the cracking of n-decane at 500ºC and 60 s of Time On Stream. N-decane is a linear alkane able to diffuse trough the one-dimensional 12-ring channels of MTW. The catalytic activity of these MTW samples has been compared with two Mordenite (MOR) samples of similar Si/Al ratios. The framework of MOR contains large pores (6.5 x 7.0 Å), which are slightly higher than those of the MTW zeolite (6.0 x 5.6 Å), interconnected by 8-ring pores (3.4 x 4.8 Å). In general, the results presented in Table   4 show that MTW samples present higher catalytic activity in terms of kinetic rate constant than mordenites. This higher catalytic activity compared to MOR zeolites could be attributed to the lower dimensions of the channels of MTW that are close to those of medium pore structures. In this sense, the lower dimensions of the channel of the MTW should add a stronger confinement effect boosting the activity for the activation of linear alkanes. In terms of selectivity, MTW materials show a higher yield to C3-C4 olefins compared to MOR zeolites, with remarkable higher propylene yield (see Table 4 ). The reason for that could be explained by the presence of less hydrogen transfer reactions towards saturated paraffins, such as propane or butanes. This lower extension of hydrogen transfer reactions results in higher olefinicity ratios for MTW compared to MOR zeolites (see propylene/propane, butenes/butanes and isobutene/isobutene in Table 4 ). The lower contribution of hydrogen transfer reactions for MTW materials should also be attributed to the lower dimensions of the large pore channels that preclude bimolecular reactions, which are more favored in the larger pores of MOR.
4.-Conclusions
The synthesis of the Al-rich MTW zeolite with low Si/Al ratios (~12) and large pore accessibility has been described for the first time by using the proper combination of alkali metal cations, such as potassium, and bulky dicationic OSDAs, such as OSDA-C4.
This zeolite presents all the aluminum atoms in framework positions, resulting in a material with strong Brönsted acidity after cationic exchange, as revealed by in-situ infrared pyridine adsorption/desorption at different temperatures. In addition,
another MTW material with a Si/Al ratio of 30 has been synthesized under alkali-free conditions using OSDA-C4 as the only structure directing agent. This Si/Al ratio is the lowest described in the literature for the synthesis of MTW in absence of alkali-cations, which is an important issue since post-synthetic cationic exchange procedures are not required to create its acid-form. These MTW samples are very active for the n-decane cracking and show lower extension of hydrogen transfer reactions leading to higher yield of olefins compared to other large pore zeolites, as mordenites. alkali/Si 0, Na/Si = 0.1, K/Si = 0.1 
